INTRODUCTION 43
Arsenic (As) occurs ubiquitously in soils, sediments and natural water. Owing to the 44 high chronic toxicity of As, elevated As concentrations of geogenic or anthropogenic origin 45 pose a serious threat to human health, especially via the consumption of As-containing 46 drinking water and food. More than 100 million people worldwide rely on groundwater with 47
The uptake of As by freshly formed Fe(III)-precipitates depends on the presence or 68 absence of the co-precipitating solutes phosphate (P) and silicate (Si) and of the major cation 69 Table 1 : Marked changes in precipitate formation occur at initial dissolved 100 P/Fe ratios (P/Fe) init around a critical ratio (P/Fe) crit that depends on the background 101 electrolyte. At (P/Fe) init > (P/Fe) crit , amorphous Fe(III)-phosphate or Ca-Fe(III)-phosphate 102 forms, the latter exhibiting a higher maximum precipitate P/Fe ratio due to Ca-P interactions. 103
At (P/Fe) init < (P/Fe) crit , the initial formation of (Ca-)Fe(III)-phosphate leads to the depletion 104 of dissolved P. Subsequently, poorly-crystalline lepidocrocite and a ferrihydrite-type 105 precipitate form in the Si-free electrolytes, and Si-rich ferrihydrite in the Si-containing 106 electrolytes with (Si/Fe) init of 1. Variations in precipitate structure are reflected in variations 107 in dissolved P. Starting from very low concentrations at (P/Fe) init around (P/Fe) crit , dissolved 108 P markedly increases with increasing (P/Fe) init as the uptake capacity of the (Ca-)Fe(III)-109 phosphate is increasingly exceeded. Below (P/Fe) crit in the absence of Si, immediate onset of 110 (Ca-)Fe(III)-phosphate polymerization after dissolved P depletion leads to an increase in 111 dissolved P fractions with decreasing (P/Fe) init . In the presence of Si, the high sorption 112 capacity of Si-ferrihydrite inhibits the release of P within 4 hours after the onset of Fe(II) 113 oxidation . Aging of the fresh precipitates for 30 d at 40 °C in their 114 synthesis solutions induces marked structural changes ). Most importantly, 115 the continuing polymerization of Fe(III) in (Ca-)Fe(III)-phosphate and ferrihydrite-type 116 precipitates leads to a decrease of the oxyanion sorption capacity of the precipitates and thus 117 the remobilization of co-precipitated P ). The extent of P remobilization 118 however is strongly dependent on the structure of the fresh precipitate and is lowest for 119 precipitates formed in the presence of Ca and Si, due to the stabilizing effect of Ca on Ca-120 Fe(III)-phosphate and of Si on Si-ferrihydrite as well as due to Ca-phosphate formation. 121
The present study is based on our previous work on the effects of P, Si and Ca on the 122 structure of fresh Fe(III)-precipitates, their transformation after 30 days of aging, and 123 consequences for P retention ). Here we report on the 124 sequestration of a trace concentration of As(V) by the fresh and aged precipitates in the same 125 multifactorial experiment and on how As(V) sorption affects residual dissolved As(V). 126
Furthermore, we show results from a time-resolved 35-days Fe(III)-precipitate aging 127 experiment that provides insight into the time-dependence of As(V) and P release. 128
MATERIALS AND METHODS 129

Synthesis of fresh and aged precipitates with co-precipitated As(V) 130
Fresh and aged Fe(III)-precipitate suspensions were prepared from six background 131 electrolytes (Na, Ca, low Ca, Mg, Na+Si and Ca+Si) at twelve P concentrations as described 132 previously ). The precipitates were synthesized at an initial 133 pH of 7.0 by the oxidation of 0.5 mM Fe(II) in the presence of 0 to 1 mM P, corresponding to 134 (P/Fe) init from 0-2. The starting solutions contained 7 µM As(V), corresponding to an initial 135 molar As(V)/Fe(II) ratio ((As/Fe) init ) of 0.014. To focus on the effects of Fe(III)-precipitate 136 formation and transformation on As(V) uptake and retention and to avoid the confounding 137 effects of concomitant As(III) oxidation, all experiments reported here were conducted with 138
As(V). Treatment labels indicate the background electrolyte and (P/Fe) init (e.g., Na 0.05 for 139 experiment in Na electrolyte at (P/Fe) init of 0.05). 140
The background electrolytes were prepared by dissolving 8 mM NaHCO 3 (Na), 4 mM 141 CaCO 3 (Ca) , 0.5 mM CaCO 3 and 7 mM NaHCO 3 (low Ca), or 4 mM MgO (Mg) in in high-142 purity doubly deionized (DDI) water (18.2 M Ωcm, Milli-Q ® Element, Millipore) purged 143 with CO 2 gas. To prepare the Si-containing electrolytes (Na+Si, Ca+Si), 0.5 mM Si was 144 added from an alkaline stock solution (100 mM Si from Na 2 SiO 3 ×9H 2 O, prepared daily) to 145 the slightly acidic Na and Ca electrolytes. The pH was then adjusted to 7.0 (±0.1) by purging 146 with pressurized air. After pH adjustment, 7 µM (525 μg/L) As(V) and 0-1 mM P (12 147 concentrations) were spiked using pH-neutral stock solutions (13.35 mM Na 2 HAsO 4 ·7H 2 O 148 and 50 mM NaH 2 PO 4 ·H 2 O; respectively). Fe oxidation and precipitation was initiated by 149 adding 0.5 mM Fe(II) using a daily prepared acidic stock solution (50 mM FeSO 4 ·7H 2 O, 1 150 mM HCl). After thorough mixing, an unfiltered aliquot was collected to determine total 151 initial element concentrations. Subsequently, the suspensions were left for 4 h, with half-152 hourly remixing by turning the bottles upside down several times. After 4 h reaction time, the 153 fresh suspensions were sampled by collecting unfiltered and filtered (0.1 µm cellulose nitrate 154 filter membranes) aliquots for the determination of total and dissolved element 155 concentrations, respectively (and the solids for solid phase characterization). A duplicate set 156 of fresh suspensions (after 4 h reaction time) was transferred into an oven and aged for 30 157 days at 40 °C before collection of unfiltered and filtered aliquots. During aging, the pH of the 158 suspensions increased to pH 7.9±0.3 due to CO 2 outgassing , as it would 159 also occur in natural waters. 160
At (P/Fe) init of 0.25 (0.56 mM Fe), a time-resolved aging experiment was conducted in 161 the Na, Na+Si, Ca and Ca+Si electrolytes. Initial sample preparation and Fe(II) oxidation was 162 performed as described above, with 200 mL of solution in 300 mL polypropylene bottles. The 163 initial solutions were sampled unfiltered and filtered. After 4 h, filtered samples were 164 collected again and the bottles were transferred to an oven set to 40°C to age the suspensions 165 previously observed a decrease in P recovery from fresh to aged suspensions at the lowest 176 and highest (P/Fe) init , which we attributed to co-precipitation of P with Ca-carbonates or 177 precipitation of Ca-phosphate on the walls of the reaction vessels . 178
Analogous effects appeared to be negligible for As(V). 179
The amounts of As, P and Fe in the precipitates (As ppt , P ppt , Fe ppt ) were calculated from 180 their total concentration in the initial solution and the concentrations of As and P measured in 181 the final filtered solutions (As filt , P filt ). This calculation was based on the assumption that As filt 182 and P filt corresponded to the dissolved concentrations As soln and P soln , respectively, and that 183 the concentration of dissolved Fe soln was negligible. In some of the filtered solutions from 184 fresh and aged Na and Na+Si suspensions, however, measurable Fe concentrations indicated 185 the presence of colloidal Fe. This observation was attributed to the stabilizing effects of P and 186
Si on Fe(III)-colloids and the limited coagulating power of Na (Mayer and Jarrell 1996, 187
Tessenow 1974) or to filter failure in two cases. To estimate the concentrations of colloidal 188
As and P (As coll , P coll ) in these electrolytes, it was assumed that the colloidal Fe-precipitates 189 had the same As/Fe and P/Fe ratios as determined for the respective Fe(III)-precipitates 190 retained on the filter membranes and that the concentration of colloidal Fe corresponded to 191 Fe filt . The dissolved concentrations X soln (X=As or P) were calculated by subtracting X coll 192 from X filt . This correction is further described in the supplementary data (Fig. S2) . Because 193 dissolved As and P concentrations in the fresh Na+Si electrolyte at (P/Fe) init 0.4 were too 194 low for quantification, they were set to zero for data interpretation on a linear scale, and were 195 omitted in plots on a logarithmic scale. 196
Model calculations 197
A kinetic adsorption/co-precipitation model has been formulated by (Roberts et al. 2004) 198 to describe the removal of Si, P, As(V) and As(III) during Fe This model was used to describe residual dissolved As(V) and P in the fresh precipitate 210 suspensions based on total initial concentrations of Fe, As(V), P and Si. 
RESULTS AND DISCUSSION 216
Dissolved As(V) concentrations in fresh suspensions 217
The dissolved fractions of As in the fresh suspensions as a function of (P/Fe) init for the 218 six background electrolytes are shown in Figure 1 , together with the data for P from (Senn et 219 al. 2015) . To facilitate the comparison of dissolved As fractions in the different fresh 220 suspensions, the respective data are shown in an overlay plot in Figure 2a . To demonstrate 221 major effects of (P/Fe) init , Si and Ca on As(V) removal and release, selected treatments are 222 compared in Figure 3 . Whereas the initial dissolved As(V) concentration (As(V) init ) was 7 223 μM in all treatments, the P concentrations (P init ) varied from 0 to 1 mM. Despite this 224 difference, the fractions of dissolved As and P generally show similar trends. Changes in 225 precipitate structure and dissolved P as a function of (P/Fe) init and electrolyte type have been 226 described in detail in earlier work and are summarized in the introduction 227 and in Table 1 . Here, we focus on how dissolved As(V) was influenced by (P/Fe) init and by 228 the absence or presence of Si and Ca. 229
At (P/Fe) init above (P/Fe) crit (Table 1) , the oxyanion uptake capacity of amorphous )Fe(III)-phosphate was exceeded and residual dissolved As(V) increased markedly with 231 increasing (P/Fe) init (Figure 2a ). Under these conditions, As(V) uptake did not depend on the 232 absence or presence of Si, but a strong effect of the electrolyte cation was observed, with 233 markedly higher removal in the Ca and Ca+Si electrolytes than in the Na and Na+Si 234 electrolytes. This difference was due to the higher oxyanion uptake capacity of Ca- We refer to these precipitates as Ca-Fe(III)-phosphate rather than Ca-Fe(III)-239 phosphate/arsenate because P is the dominant oxyanion and As(V) is only coprecipitated at 240 molar As(V)/P ratios < 0.03.) Below (P/Fe) crit , the very low dissolved fractions of As(V) in 241 the Si-containing electrolytes (Figure 1c In general, residual dissolved As(V) and P fractions in fresh suspensions exhibited 252 similar trends (Figure 1 ). To directly compare As(V) and P uptake by fresh precipitates as a 253 function of (P/Fe) init and of Si and Ca in the electrolyte, molar precipitate As/P ratios relative 254 to the corresponding initial dissolved ratios ((As/P) ppt,rel = (As/P) ppt /(As/P) init ) are shown in 255 Figure 4 for the Na, Ca, Na+Si and Ca+Si electrolytes. At low (P/Fe) init in the Na and Ca 256 electrolytes, uptake of As by poorly-crystalline lepidocrocite was slightly favored over P 257 uptake. This effect was not observed in the Na+Si and Ca+Si electrolytes, where Si-rich 258 ferrihydrite was the dominant precipitate. At intermediate (P/Fe) init , (As/P) ppt,rel around unity 259 indicated that As(V) and P were taken up to similar extents in all electrolytes. At (P/Fe) init > 260 (P/Fe) crit in the Na and Na+Si electrolytes, P exhibited a slight preference over As(V) for 261 sequestration by Fe(III)-phosphate. The preference for P over As(V) was more pronounced 262 for Ca-Fe(III)-phosphate formed in the Ca and Ca+Si electrolytes, which was attributed to 263 specific Ca-P interactions, including the formation of Ca-Fe(III)-phosphate and Ca-phosphate 264 polymers . More specific Ca-P than Ca-As(V) interactions can be 265 rationalized by the observation that Ca-phosphates exhibit much lower solubilities than 266 structurally analogous Ca-arsenates ) and the result from an adsorption 267 study with goethite indicating a stronger enhancing effect of Ca on P than As(V) uptake (Gao 268 and Mucci 2003). 269
Dissolved As(V) in aged precipitate suspensions 270
In Figure 5 , the dissolved fractions of As and P in all aged electrolyte suspensions are 271
shown in comparison to the fractions in the fresh suspensions. Dissolved fractions of As(V) 272 in all aged suspensions are compared in an overlay plot in Figure 2b , the effects of P, Si, and 273
Ca on the residual dissolved fraction of As in selected treatments are shown in Figure 3 . 274
At high (P/Fe) init in the electrolytes without or with only 0.5 mM Ca (Na, Na+Si, Mg and 275 low Ca electrolytes), the residual dissolved As(V) concentrations exhibited no significant 276 changes from before to after aging (Figure 5a, e; Figure 3d ). This was attributed to the 277 stabilization of the precipitate towards Fe(III)-polymerization by the residual dissolved P in 278 the aging suspension. In the presence of 4 mM total Ca (Ca, Ca+Si electrolytes), dissolved 279
As(V) concentrations at high (P/Fe) init decreased during aging, and an even stronger decrease 280 was observed for P (Figure 5c,d ). The decrease in dissolved As(V) may be due to co-281 precipitation of As(V) with Ca-phosphate which formed during aging ), but 282 could also be due to uptake of As by Ca-Fe(III)-phosphate from which P may have been 283 depleted by Ca-phosphate precipitation. In the low Ca electrolyte, no decrease of the 284 dissolved As(V) was observed during aging (Figure 5f ) because the dissolved Ca 285 concentration was too low to induce the formation of a Ca-phosphate precipitate (Senn et al. 286 2017) . 287
At intermediate (P/Fe) init , the stabilizing effect of Ca on Ca-Fe(III)-phosphate resulted in 288 a markedly lower remobilization of As during aging than in the Ca-free treatments (Figure 2) , 289 especially at (P/Fe) init between the (P/Fe) crit of the Na and Ca electrolytes (e.g., (P/Fe) init of 290 0.6; Figure 3c ). 291
At low (P/Fe) init in the Si-free electrolytes, aging led to substantial release of As(V) 292 (Figure 2b, Figure 5a ,e). Precipitate aging started immediately after Fe(II) oxidation was 293 complete (Voegelin et al. 2013 ) and could already be detected in the fresh precipitate 294 suspensions 4 h after Fe(II) addition ) (Figure 2a) . Again, the release of 295
As(V) was most pronounced in the Na background electrolyte, where at (P/Fe) init between 0.1 296 and 0.2, the dissolved fraction of As increased from ~8% to ~55% (Figure 2) . The stabilizing 297 effect of Si ferrihydrite at low (P/Fe) init is reflected in the lower As remobilization in the 298 Na+Si electrolyte than in the Na electrolyte ( contributed to drive As(V) and P release in some of the treatments. However, the extent of 309
As(V) and P release in our experiments and trends in As(V) and P release as a function of 310 (P/Fe) init and background electrolyte composition suggest that ongoing Fe(III) polymerization 311 and Fe(III)-precipitate transformation were the main factors that caused As(V) and P release 312 during aging. 313 314
Time-resolved aging experiment 315
To monitor the time-dependence of As(V) and P remobilization during aging, time 316 resolved experiments were conducted at (P/Fe) init of 0.25 in Na, Na+Si, Ca and Ca+Si 317 electrolyte (Fig. 6) . The data show that the marked release of As(V) and P in the Na and 318
Na+Si electrolytes proceeds within the first days after Fe(II) oxidation and approaches a 319 plateau after 7-10 days. The pH increased from initially 7.0 to 7.8-8.2 after 35 days of aging, 320 in line with pH values in aged suspensions from the multifactorial experiment (Senn et al. 321 2017) . 322
Interestingly, the dissolved fractions of As(V) and P in the Ca electrolyte initially 323 increased due to remobilization, but started to decrease again after ~21 and ~10 days, 324 respectively. We attribute these trends to the precipitation of Ca-phosphate and Ca-carbonate 325 (as indicated by trends in dissolved Ca) and co-precipitation of As(V) and P. In the Ca+Si 326 electrolyte, the slow increase in dissolved As(V) and P may be due to concomitant oxyanion 327 release from slowly transforming Fe(III)-precipitates and co-precipitation with Ca. The 328 interplay between the aging of the Fe(III)-precipitates and related remobilization of As(V) 329 and P and the concomitant formation of Ca-phases that may re-sequester released As(V) and 330 P may have important environmental implications and warrants further study. 331
Modeling residual dissolved As(V) and P in fresh precipitate suspensions 332
In a study on the removal of As(III) and As(V) by co-oxidation and co-precipitation with 333 As(V) (multiplied by 100 to give weight similar to P and Si), P and Si. Because the model 344 does not account for the incipient precipitate transformation and oxyanion release observed in 345 the Si-free electrolytes at (P/Fe) init < 0.4, the respective data was excluded from modeling. 346
Model parameters from a first fit with a single site capacity and a single set of sorption 347 coefficients for all treatments were comparable to parameters reported by Roberts et al. 348 (2004) ( Table 2) . In both studies, about 0.2 units higher logK P than logK As values indicated a 349 slight preference for uptake of P over As(V), in line with (As/P) ppt,rel < 1 at high (P/Fe) init 350 reported in or Mg (Na and Na+Si) and potential differences in oxyanion sorption affinity, the data from 353 the respective sets of samples were also fit separately ( Table 2; Whereas no marked preference for P over As was observed for the Na / Na+Si and Mg / low 360 Ca electrolytes, the presence of 4 mM Ca in the Ca / Ca+Si electrolytes resulted in a 361 markedly higher difference between logK P and logK As that reflects the preference of Ca for 362 complexation with P rather than As(V) (van Genuchten et al. 2014a). Since the enhanced 363 uptake of P in the Ca / Ca+Si electrolytes is not solely due to co-precipitation with Fe(III), 364 but also due to precipitation of Ca-phosphate polymers, the sorption coefficient K P must 365 however be interpreted with care. 366
Because the model parameters were refined based on residual dissolved concentrations 367 on a linear scale, the fits were mainly sensitive to treatments with high residual dissolved P 368 and As(V) fractions, i.e., treatments at high (P/Fe) init in which (Ca-)Fe(III)-phosphate formed 369
and As(V) and P sequestration occurred via co-precipitation rather than adsorption at the 370 surface of an Fe(III)-(hydr)oxide. Although it might be more appropriate to describe these co-371 precipitates with a solubility product, such an approach is complicated by the fact that the 372 phase composition and thus the solubility product itself depend on solution chemistry 373 of free adsorption sites provide some flexibility to account for variations in the oxyanion 378 uptake of (Ca-)Fe(III)-phosphate as a function of (P/Fe) init and resulting variations in residual 379 dissolved P and As(V). 380
At (P/Fe) init < (P/Fe) crit in the Si-containing fresh electrolytes where Si-ferrihydrite was 381 the dominant precipitate type and precipitate aging was still limited, measured dissolved 382
As(V) and P fractions were close to 0% on a linear scale (Figure 1c,d) . The model, on the 383 other hand, predicted concentrations in the low percent range, overestimating the dissolved 384
As(V) and P relative to measured concentrations. This suggests that As(V) and P sorption to 385 ferrihydrite results in lower dissolved As(V) and P concentrations than expected for solubility 386 control by (Ca-)Fe(III)-phosphate. 387
To obtain an adequate description of dissolved As(V) and P concentrations over wide 388 ranges in solution concentrations on a logarithmic scale, a multi-component model 389 accounting for the formation of different phases with different sorption site concentration and 390 sorption affinities would be required. In addition to oxyanion uptake by different Fe(III)-391 precipitate types and the influence of cations, such a kinetic model would also have to 392 account for Fe(III)-precipitate transformation processes and concomitant oxyanion release, 393
Ca-phosphate and Ca-carbonate precipitation, and related As(V) and P re-precipitation. 394
Comparison of residual dissolved As(V) and P fractions with previous studies 395
In Figure 7 , the residual fractions of As(V) and P from the fresh Na+Si and Ca+Si 396 suspensions are shown together with data from Roberts et al. (2004) . This study examined the 397 removal of 6.7 μM As(V) or As(III) from synthetic Bangladesh groundwater with constant Si 398 and P (2.5 mM Ca; 1.5 mM Mg; 1.07 mM Si; 0.097 mM P; pH ~7) as a function of single 399 additions of 0.9 to 0.04 mM Fe(II) (corresponding to increasing (P/Fe) init ). At (P/Fe) init of 400 (Table S1 ). Despite these experimental differences, trends in residual dissolved As(V) 408 and Si were required to prevent As(V) re-solubilization to levels above the Bengali drinking 478 water guideline value of 50 μg/L. With respect to the operation of drinking water treatment 479 systems for As removal and the handling of treatment residues, our data show that fresh 480
Fe(III)-precipitates may effectively reduce dissolved As, but that transformation of fresh 481 precipitates to more polymerized or crystalline solids with lower oxyanion sorption capacity 482 may result in substantial release of temporarily retained As within a time period of a few days 483 to few weeks. On the other hand, the results also point to the importance of Ca-precipitate 484 formation for longer-term As(V) retention. 485
The results from this study are not only of importance with respect to Fe-based As(V) 486 removal from drinking water, but also contribute to a better understanding of As dynamics in 487 agricultural fields and especially rice paddies irrigated with As-rich groundwater. In these 488 systems, Fe(III)-precipitate formation and transformation not only impact the introduction of 489 
CONCLUSIONS 493
This study reveals how Si, P and Ca, via their effects on Fe(III)-precipitate structure and 494 ion co-sorption, critically influence the uptake of As(V) by fresh and aged Fe(III)-495 precipitates. Variations in the extent of As(V) sequestration can be rationalized in terms of 496 competitive oxyanion uptake and the structural diversity of the precipitating Fe(III)-solids. 497
The results highlight the important roles of Ca and Si in promoting As(V) removal by fresh 498 precipitates and As(V) retention during precipitate aging and indicate that results from studies 499 in simplified Na-electrolytes must be considered with care with respect to their transferability 500 to natural waters containing Ca and Si. 501
A simple single-phase sorption model is adequate to describe residual dissolved As(V) in 502 fresh suspensions under conditions where saturation of the oxyanion uptake capacity limits 503 removal. To describe the solubility of As(V) and other oxyanions under conditions where the 504 sorption capacity of the Fe(III)-precipitates is not reached, a more complex kinetic modeling 505 approach would be required that accounts for the structural diversity of fresh precipitates, 506 their transformation over time, and the concomitant formation of Ca-phases. 507 Correction for colloidal P and As(V) in fresh and aged Na and Na+Si electrolytes Figure S2 . Comparison of measured concentrations of P and As(V) in filtered suspensions from the fresh and aged Na and Na+Si electrolytes and dissolved concentrations obtained by correcting for colloidal P and As(V) (see text for details), expressed as percentage of total P and As(V) in suspension.
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For the aged Na and Na+Si electrolytes, colloidal As or P typically accounted for ≤10% of the As filt and P filt , respectively, except for the treatments Na+Si 0.5 A and Na+Si 1.0 A, where X coll /X filt ranged between 20% and 29%. In the fresh Na and Na+Si electrolytes, the concentrations X filt decreased from ~67-71% at (P/Fe) init of ~2 to 7-18~at (P/Fe) init of ~0.5 (in percent of total concentrations). Concomitantly, the estimated fraction of colloidal As and P in the filtered suspensions (X coll /X filt ) increased from 2-5% to 40-85%. In fresh Na electrolyte suspensions with (P/Fe) init of 0.4 and lower, colloidal As and P were negligible (X coll /X filt ≤2%).
For the fresh Na+Si electrolyte, on the other hand, the correction suggested that essentially all As filt and P filt at (P/Fe) init of 0.4 and 0.3 was in colloidal from. For lower (P/Fe) init from 0.3 to 0, the concentrations of Fe, P and As in the filtered suspensions were too low for a reliable estimation of the colloidal and dissolved fractions. However, filterable As and P concentrations corresponding to <0.3% of their total spiked concentrations indicated the upper limit of dissolved As and P. Based on these considerations, the dissolved concentrations of As and P in fresh Na+Si electrolyte suspensions with (P/Fe) init ≤ 0.5 were set to zero for plots and data modeling on a linear scale, and were omitted in plots on a logarithmic scale.
